Transcription of Cab genes has been previously shown to be regulated by a circadian oscillator coupled to the red light-absorbing plant photoreceptor phytochrome in various plant species. In addition, it has recently been suggested that rhythmic expression of the Cab genes could also be affected by a phytochrome-independent circadian oscillator in a developmentally regulated fashion. This study has shown that a red light-insensitive oscillator and a phytochrome-coupled circadian clock indeed coregulate the oscillating expression of individual Cab genes at the level of transcription at an early developmental stage. The study involved analysing the expression patterns of transgenes, containing short fragments of the Arabidopsis thaliana Cab2 or the wheat Cab-1 promoter fused to the firefly luciferase reporter gene, by a videoimaging system in single, etiolated tobacco seedlings. Germination and red/far-red light treatments applied between 12 and 36 h after sowing lead to the appearance of two independent circadian rhythms. These rhythms coexist, both exhibiting period lengths close to 25 h but phased differently. However, repeated red-light treatments given 60 h or later after sowing synchronize these freerunning rhythms and induce a single new circadian oscillation. These data indicate that both oscillators regulate the expression of the Cab genes studied at the level of 
Introduction
Biochemical and physiological processes in many organisms including prokaryotic cyanobacteria (Kondo et al., 1994) , fungi (Dunlap, 1993) , Drosophila melanogaster (Baylies et al., 1993) , vertebrates (Takahashi, 1995) and plants (Piechulla, 1993) exhibit endogenous rhythms. Most of these rhythms show a periodicity close to 24 h (circadian) and are thought to be regulated by one or more internal biological oscillators (circadian clocks). In higher plants, parallel with the research targeted on identifying 'clock' genes, various approaches have yielded new information about the mechanism by which central oscillators regulate gene expression (the 'output' pathways) or respond to changes in the environment ('input' pathways). Recent reports have unambigously established the active role of plant photoreceptors, including the red light-absorbing phytochromes (Millar et al., 1995a; Nagy et al., 1993) and the blue light-absorbing photoreceptors (Millar et al., 1995a) in setting and modulating the central oscillator. Moreover, analysis of transgenic plants has provided conclusive evidence that phytochrome and the circadian clock control the expression of several genes in seedlings and in mature plants at the level of transcription (Fejes et al., 1990; Millar et al., 1992; Nagy et al., 1988) .
Although activation of phytochrome by light is the major molecular event initiating and controlling plant development and setting/synchronizing the endogenous oscillator, factors other than light may also affect these events. It has recently been shown in etiolated Arabidopsis seedlings that the phytochrome-controlled expression of Cab genes is preceded by a period during which their expression is regulated by a light-independent programme (Brusslan and Tobin, 1992) . Furthermore, Millar et al. (1992) demonstrated that the expression of the Arabidopsis Cab2/luc chimeric gene exhibits a weak but reproducible circadian oscillation in dark-grown transgenic Nicotiana tabacum seedlings. In addition, Kolar et al. (1995) reported that the expression of single tobacco Cab genes is modulated by two circadian rhythms and that the induction of these circadian oscillations is dependent upon the developmental stage of the seedling. More interestingly, these authors suggested that one of these circadian oscillations is not coupled to phytochrome, since treatments with monochromatic red/far-red light did not modulate the setting or phasing of this 'dark rhythm' (Kolar et al., 1995) . We were interested in further characterizing this developmental stage-dependent circadian rhythm that was not coupled to phytochrome. To this end, we generated transgenic tobacco plants expressing one of two chimeric genes, i.e. the firefly luciferase reporter gene (luc, Millar and Kay, 1991) driven by the wheat Cab-1 promoter (Fejes et al., 1990) or the Arabidopsis Cab2 promoter (Millar et al., 1992) , and monitored the expression of these chimeric genes in individual transgenic plants by a video-imaging system. We report here that (i) similarly to the endogenous tobacco Cab21 and Cab40 genes, the expression of both transgenes is affected by two circadian rhythms, (ii) both rhythms exert their regulatory effect at the level of promoter activity.
Results and discussion
Induction and/or synchronization of circadian clock regulated Cab/luc gene expression at early stages of development in etiolated tobacco seedlings is not coupled to phytochrome Expression of the AtCab2/luc transgene exhibited rhythmic oscillations with a period length of about 25 h in 6-8-day-old transgenic seedlings sown and grown in the dark (Figure 1a,b) . Red light treatments given after sowing and/or any time within 12 h after sowing did not change either the phase or the period length of these circadian rhythms (Figure 1c,d ). Far-red light treatments applied within this period were found to be similarly ineffective in altering these circadian oscillations (data not shown). Furthermore, we note that the various light treatments described did not change significantly the expression level of the AtCab2/luc transgene (Figure 1a-Figure 1 . Developmental stage-specific expression patterns of the AtCab2/luc gene in transgenic tobacco seedlings. Tobacco seeds homozygous for the AtCab2/luc (a-h) transgene were sown and grown in constant dark (a,b), or were treated with red light for 3 h immediately after sowing and returned to constant dark (c), or were illuminated with repeated red, far-red light pulses at different time points and then returned again to constant dark (d-h). Seeds were illuminated with a 5 min red pulse at 12 h (d), at 36 h (e) and repeatedly at 36 h and at 60 h (g) after sowing. Alternatively, the 5 min red light treatments of the germinating seeds were followed immediately by a 5 min far-red light treatment at 36 h (f) and repeatedly at 36 h and at 60 h (h) after sowing. Tobacco seeds homozygous for the NtPhyA/luc (i) or NtPhyB/luc (j) transgenes were sown and illuminated with red light for 3 h immediately after sowing and returned to constant dark. Expression levels and patterns shown, with the exception of (b), were determined in single, individual transgenic seedlings. Values in (b) are the mean expression level and standard error of the mean calculated from 50 seedlings. Circadian time (CT) corresponds to the start of imaging, i.e. 8 p.m. on the 5th day after sowing. Expression levels in individual seedlings were not always identical (h), but the phases of the detected rhythms were always the same. The variations in expression levels detected are most likely caused by improper maturation of seeds and/or by the presence of kanamycin in the medium. d). The expression pattern and expression level of the wheat Cab-1/luc transgene were similar to those of AtCab2/luc under all conditions described above (data not shown). We found that (i) it also exhibited rhythmic oscillation (period length of about 25 h) in dark-grown seedlings and that (ii) red or far-red light treatments applied within 12 h after sowing did not perturb this circadian oscillation nor did they affect the expression level significantly. Furthermore, we demonstrated that the expression patterns of the PhyA/luc (Figure 1i ) and PhyB/luc (Figure 1j ) transgenes, in contrast with those of the Cab/luc chimeric genes, did not exhibit circadian rhythms in dark-grown tobacco seedlings. (We note that the expression pattern of these PhyB/luc genes has not yet been studied in detail in green seedlings grown under light/dark cycles.) The fact that the expression of the Cab/luc genes in dark-grown, single seedlings 7 days after sowing exhibits the same oscillatory pattern (about 25 h period length with no more than Ϯ 1.5 h difference in the position of maxima/minima) gives convincing evidence that this rhythm is set by germination and that germination synchronizes the rhythm not only within one seedling but also in a population (Figure 1a,b) . These circadian rhythms are stable and regulate the expression of the Cab genes in the absence of light treatments for at least a week after sowing. Expression of the Cab genes can also be induced, because of the very low fluence (VLF) response of phytochrome, even by green safety light (Kaufman et al., 1984) and also by blue light as described by Marrs and Kaufman, 1991) and Gao and Kaufman (1994) . It is therefore arguable that the detected circadian rhythms were induced inadvertently during manipulations of seeds. We show, however, that (i) no other oscillations can be induced (up to 12 h after sowing), independently of the time of red/far-red light treatments, and (ii) the circadian rhythms are always in the same phase (irrespective whether redlight was applied 3, 6, 9 or 12 h after sowing), i.e. the induced rhythms cannot be phase-shifted or reset with red/far-red light pulses. Therefore, our data prove unambigously that this circadian oscillation is insensitive to red/far-red light and therefore is not coupled to phytochrome at this stage of seedling development. Tobacco seeds homozygous for the wheat Cab-1/luc transgene were sown and germinated after various light treatments in constant dark as described in Figure 1 . Control seeds (a) were treated with red light for 3 h immediately after sowing and returned to constant dark. Other samples were illuminated again with 5 min red light pulses at 36 h (b) or at 36 h and at 60 h (e) after sowing and returned to the dark. Alternatively, germinating seeds were illuminated with 5 min far-red light pulses at 36 h (c,d) or at 36 h and at 60 h (f) after sowing and returned to the dark. Expression patterns and levels shown, with the exception of (d), represent the mean expression level and standard error of the mean calculated from 50 individual seedlings. Values in (d) are the expression level and pattern determined in one individual seedling. Circadian time (CT) corresponds to the start of imaging, i.e. 8 p.m. on the 5th day after sowing.
Phytochrome-regulated and phytochrome-independent circadian rhythms modifying Cab gene expression patterns can co-exist in etiolated seedlings
Further light treatments applied later than 12 h after sowing profoundly changed the expression patterns of both Cab/luc transgenes. Independently of red light treatments applied immediately and/or 12 h after sowing, an additional 5 min of red light treatment given at 36 h after sowing leads to the induction of new circadian oscillations without affecting the already free-running circadian rhythms (AtCab2/luc, Figure 1c versus Figure 1e ; wheat Cab-1/luc, Figure 2a versus Figure 2b ). These newly arising red light-induced rhythms are phased differently but their period length (approximately 25 h) and amplitude are very similar to the original free-running ones. Farred light treatments given immediately after the second red-light pulses (AtCab2/luc, Figure 1f ; wheat Cab-1/luc, data not shown) did not abrogate or change any of these free-running, co-existing yet independent circadian rhythms. More interestingly, we found that far-red light pulses given 36 h after sowing also lead to the induction of new circadian oscillations similar to the ones induced by red light (AtCab2/luc, data not shown; wheat Cab-1/ luc, Figure 2c,d ). Taken together, these observations strongly suggest that the expression of both Cab/luc transgenes is regulated by two independent, superimposed circadian rhythms in a developmentally regulated manner in single seedlings. We should point out, however, that (because of technical limitations) these experiments cannot distinguish between rhythms that are running within the same cell and those that are running in different cells in different phases.
However, red/far-red light pulses applied 60 h or later after sowing abrogated or synchronized these freerunning rhythms and resulted in the emergence of single, new circadian oscillations. We show that, independently of light treatments given within a period of 36 h after sowing, short (5 min) red light pulses applied 60 h after sowing 'unified' the free-running oscillations of AtCab2/ luc (Figure 1g ) and wheat Cab-1/luc (Figure 2e ). Fiveminute far-red light pulses given at 60 h, immediately after the red pulses (AtCab2/luc, Figure 1h ; wheat Cab-1/luc, data not shown) or without the preceding red light pulses (wheat Cab-1/luc, Figure 2f ; AtCab2/luc, data not shown) also led to the emergence of new, unified rhythms. These observations strongly suggest that the latter circadian rhythms are controlled at least partially by the VLF response of phytochrome A. The appearance of the 'unified' rhythms caused by light treatments applied later than 60 h after sowing can be interpreted as (i) the result of the elimination of the 'output' pathway from the phytochrome-uncoupled oscillator or (ii) by the emergence of a new 'input' pathway coupling the red/ far-red light-insensitive oscillator to phytochrome or to the phytochrome-coupled circadian oscillator.
Expression of the wheat Cab-1/luc and Arabidopsis Cab2/luc transgenes was driven by short promoter fragments. Neither the wheat Cab-1 (-357 to ϩ1) nor the AtCab2 (-322 to ϩ1) promoter fragments employed contain any transcribed sequences (ϩ1 is the transcription start site). Earlier studies (Fejes et al., 1990; Millar et al., 1992; Nagy et al., 1988) have convincingly proven that (i) the phytochrome-coupled circadian clock regulates the expression of the wheat and Arabidopsis Cab genes at the level of transcription in light-or dark-grown plants, and (ii) this regulation is mediated by the short promoter fragments also utilized in the experiments presented here. The data reported here indicate that the phytochromeindependent circadian clock also regulates the expression of these genes at the level of transcription, and that the cis-acting elements required for this regulation are located within the same short promoter regions. Anderson and Kay (1995) and Carr and Kay (1995) reported the identification of various cis-and trans-acting factors required for rhythmic expression of the Arabidopsis Cab2 gene controlled by a phytochrome-coupled circadian clock. The involvement of Ca 2ϩ in mediating this response has also been demonstrated (Johnson et al., 1995) . At present, the role of these regulatory components in the phytochrome-independent circadian clock-responsive expression of the Cab2 gene is unknown. It is of interest to define their function and/or to identify new regulatory components mediating oscillating expression of these Cab genes controlled by the red/far-red light-insensitive circadian oscillator.
Various Arabidopsis mutations affecting the circadian © Blackwell Science Ltd, The Plant Journal, (1998) and Susek, 1994; McNellis and Deng, 1995) , phy (for review see Quail, 1994) and cpd/det3 mutants (Szekeres et al., 1996; Li et al., 1996) may well represent mutations altering the input/output pathways which connect the phytochrome-coupled oscillator to the environment and/or to the signal transduction cascade regulating the transcription of the Cab genes. It is tempting to speculate about using (i) the toc mutants to determine whether the period length of the phytochrome-independent circadian rhythm has also been affected, and (ii) the det/cop/cpd mutants to identify components of the pathways required for the rhythmic expression of the AtCab2 gene mediated by only the phytochrome-independent circadian oscillator, only the phytochromecoupled oscillator or both.
Experimental procedures

Construction of transgenes and regeneration of transgenic plants
Construction of the AtCab2/luc transgene and regeneration, of transgenic Nicotiana tabacum cv. Xanthi plants has been reported by Anderson et al. (1994) . Construction of the wheat Cab-1/luc chimeric gene was performed as follows. A promoter fragment of the wheat gene (-357 to ϩ1) was amplified by PCR, subcloned in a pKS plasmid and sequenced. The subcloned promoter fragment was excised by XhoI-SalI digestion and inserted into a pKS plasmid containing the luc reporter gene fused to the 3Ј untranslated region of the pea rbcS-E9 gene (for details of the latter plasmid, see Anderson et al., 1994) . Promoter fragments of the NtPhyA1 and NtPhyB1 genes were also amplified by PCR and subcloned in pKS plasmids. The subcloned NtPhyA1 (1725 bp) and NtphyB1 (1485 bp) fragments, containing the entire 5Ј untranslated regions but not ATG start codons, were then inserted into the pKS plasmid carrying the luc reporter gene described above. The Cab-1/luc, NtPhyA1/luc and NtPhyB1/luc chimeric constructs were then digested with XhoI-SacI restriction enzymes and cloned into the pPCV812 binary vector, and the plasmids obtained were then transferred into A. tumefaciens. Nicotiana tabacum SR1 transgenic plants resistant to hygromycin were obtained by leaf-disc transformation as described by Fejes et al. (1990) .
Plant material
N. tabacum cv. Xanthi and N. tabacum SR1 transgenic seeds homozygous for the AtCab2/luc or the wheat Cab-1/luc, NtPhyA1/ luc, NtPhyB1/luc genes were surface-sterilized and germinated in Petri dishes, on MS medium without phytohormones. Petri dishes containing the germinating seeds were kept in growth chambers at constant temperature (24°C) and humidity. Seeds were germinated and grown in constant darkness and were irradiated with monochromatic red or far-red light as described. Light sources used were as follows: red light -λ max ϭ 658 nm, I ϭ 6.8 W m -2 , far-red light -λ max ϭ 7.30 nm, I ϭ 3.5 W m -2 .
To allow comparison between different experiments, seeds were always sown at 8 a.m. Circadian time (CT) ϭ 0 corresponds to the start of imaging, i.e. 8 p.m. on the 5th day after sowing.
Analysis of in vivo luciferose bioluminescence
Seedlings were imbibed in 3 mM D-luciferin (Promega Corp., Madison, WI) 24 h before the start of imaging. Seedlings were kept in the luciferin solution throughout the experiment. Manipulation of seedlings was performed under green safety light. Seedlings were imaged using a liquid nitrogen-cooled slow-scan CCD camera purchased from Astromed Ltd (Cambridge, UK) as described by Kost et al. (1995) . Exposure times were 15 min for AtCab2/luc and 30 min for wheat Cab-1/luc and NtPhyA/luc, NtPhyB/luc transgenic seedlings. Captured images were corrected for background counts as described by Kost et al. (1995) . Bioluminescence emitted from the seedlings was quantified by using the software IMAGER 2.1 (Astromed Ltd, Cambridge, UK) image analysis functions by determining the 'mean grey level' of images over the areas containing the seedlings. Arithmetic means and standard error of the means were calculated from single seedling values.
